Intermediate states interpolating coherent states and Pegg-Barnett phase states are investigated using the ladder operator approach. These states reduce to coherent and Pegg-Barnett phase states in two different limits. Statistical and squeezing properties are studied in detail.
Introduction and Motivation
Since Stoler et al introduced the binomial states (BS) in 1985 [1] , the so-called intermediate states interpolating two fundamental states of radiation fields have attracted much interests in quantum optics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The BS is defined as a linear superposition of number states in an (M + 1)-dimensional subspace
where η is a real parameter satisfying 0 < η < 1, and
is the binomial distribution with probability η. In the limits η → 1 and η → 0, BS reduce to number states |1, M = |M and |0, M = |0 , respectively. In a different limit of M → ∞, η → 0 with ηM = α 2 fixed (α real constant) |η, M reduce to the coherent states with real amplitude α. In this sense, BS are the intermediate numbercoherent states. The notion of BS was also generalized to the multinomial [6] and negative multinomial states [6, 7] , hypergeometric states [8] , Pólya states [9] , intermediate numbersqueezed states [10, 11] and the number-phase states [12] , as well as its q-deformation [13] .
In a previous paper [10] one of the authors presented a ladder operator formalism of BS, namely, BS satisfy the following eigenvalue equation
where 
Here 0 < η < 1 is real as in the BS case, and ρ is eigenvalue to be determined. The operator eΦ is the exponential PB phase operator defined by [14] eΦ|θ m = e θm |θ m (1.5)
on the PB phase state
where θ 0 is a real constant.
We shall solve the equation ( 
Inserting (2.1) into (1.4) and using the following relations [15] 
we obtain the following equations
From (2.4) we have
where
Relation (2.5) with n = M must be consistent with the condition (2.3), namely,
which leads to M + 1 distinct eigenvalues (C 0 = 0)
where θ m is the same as in Eq.(1.6). The normalization constant C 0 can be easily determined as
Substituting (2.9) into (2.1) we finally find the ICPS (we write
Here we have written e iθmn separately for convenience in later use.
It is interesting that using the identity method in [15] these states can also be written as the form of a displacement operator acting on the vacuum state we shall see that in the coherent limit, θ 0 do gives the imaginary part of amplitude of limiting coherent states which reflects the time evolution of coherent states.
We first consider the limit η → 1. It is easy to see that
We arrive at the PB phase states.
In a different limit: M → ∞, η → 0 keeping η(M/α) M +1 = β a finite constant (α is a real constant), we will get the coherent states. In this limit,
We then have
By making use of the following limit formula
we have
In this limit, C 0 and θ m reduce to
From (3.6) and (3.7) we obtain the coherent state limit
We note that M + 1 different ICPS reduce to the same coherent state due to θ m → θ 0 for all m.
We also remark that, similarly to the BS, the intermediate coherent-(PB)phase states degenerate to the vacuum state in the limit η → 0.
4 Nonclassical properties
Photon statistics
Mandel's Q-factor characterizing sub(super)-Poissonian distribution is obtained as
If Q < 0 (> 0), the field is of sub(super)-Poissonian. Q = 0 corresponds to the Poissonian statistics. We note that Q(M, η) is independent of the parameter θ m and therefore it reflects the photon statistics of all M + 1 state |M, η, θ m . We here note that the Q-factor of the PB phase states is Q(M, 0) = (M − 4)/6, which correspond to the right ends of the Q factor.
Squeezing effect
Define the coordinate x and the momentum p as
If (∆x) 2 < 1/2 (or (∆p 2 ) < 1/2), we say the quadrature x (or p) is squeezed.
We first note that (∆x) 2 and (∆p) 2 are related with each other by the following relation 2. Dependence on θ m . Since (∆x) 2 is symmetric with respect to θ m = π/2, so we only plot θ m ≤ π/2 part in Fig.2 . We see that, with the decreas (or increase) of θ m form π/2, the squeezing becomes weaker and weaker and the squeezing range 0 < η < η 0 for a fixed θ m becomes narrower and narrower, until squeezing disappears for small (or large) enough θ m .
Conclusion
In this paper we have introduced the intermediate coherent-phase(PB) states by ladder operator approach and investigated their nonclassical properties. As the intermediate states, these states interpolate between the coherent states and the PB phase states and reduce to them in two different limits. They also exhibit strong nonclassical properties such as sub-Poissonian statistics and squeezing effect in considerable ranges of parameters involved.
Finally, we point out that, as a finite superposition of Fock states, these states in principle can be experimentally fabricated, as reported recently [16] . 
